other with a selective lesion bilaterally to the anterior middle frontal gyrus. These 2 patients as well as groups of agematched healthy controls performed two circuit-specific verbal working memory tasks. In this way, we systematically assessed the hypothesized selective behavioural effects of these brain lesions on the different subcomponents of verbal working memory in terms of a double dissociation. Results: Confirming prior findings, the lesion to Broca's area led to reduced performance under articulatory rehearsal, whereas the non-articulatory maintenance of phonological information was unimpaired. Conversely, the bifrontopolar brain lesion was associated with impaired non-articulatory phonological working memory, whereas performance under articulatory rehearsal was unaffected. Conclusion: The present experimental neuropsychological study in patients with specific and circumscribed brain lesions confirms the hypothesized double dissociation of two complementary brain systems underlying verbal working memory in humans. In particular, the results demonstrate the functional relevance of the anterior prefrontal cortex for non-articulatory maintenance of phonological information and, in this way, provide further support for the evolutionary-based functional-neuroanatomical model of human working memory.
Introduction
Human working memory is conceptualized as a set of linked and interacting processing components that allow temporary storage and simultaneous manipulation of information in the brain. These processing components play a key role for higher cognitive functions such as language, planning, problem solving and reasoning [1] .
During the last few decades, the three-component model provided by Baddeley and Hitch [1, 2] has been the most influential theoretical concept of working memory [3, 4] . This three-component model comprises a control system of limited attentional capacity, the so-called central executive, which is assisted by two subsidiary storage systems, namely the visuospatial sketch pad and the phonological loop [5] . While it is still a matter of debate whether spatial working memory can be further subdivided into active rehearsal and passive storage components [6] , this has been well established for verbal working memory in humans [7] . Numerous functional neuroimaging studies have been conducted during the last few years in order to investigate the neural implementation of human working memory. In accordance with the cognitive model provided by Baddeley and Hitch [1, 2] , different brain systems have been found to underlie verbal and visuospatial working memory processes [8, 9] . Furthermore, a recent series of functional neuroimaging studies in healthy human subjects has provided compelling evidence that verbal working memory in humans is supported by two different brain systems [7] [8] [9] . A mainly left-hemispheric premotor-parietal system including Broca's area, the left lateral premotor cortex and intraparietal cortex as well as the right cerebellum is involved in articulatory rehearsal, i.e. 'inner speech' [7, [10] [11] [12] , whereas a bilateral prefrontoparietal system comprising the cortex along anterior parts of the intermediate frontal sulcus, the inferior parietal lobules and the anterior cingulate cortex has repeatedly been demonstrated to subserve a non-articulatory mechanism for maintaining phonological information, which corresponds to the concept of the 'inner ear' [7, 9, 13] .
Based on these empirical data and in consideration of the functional-neuroanatomical homologies observed in monkeys, an evolutionary-based functional-neuroanatomical model of working memory has been proposed according to which human working memory consists of two different and at least partially dissociable neural systems that interact with each other [3] . A presumably phylogenetically older, multimodal working memory system, which is also present in non-human primates, is implemented by several domain-specific prefrontoparietal and prefrontotemporal networks [14] . On the other hand, a second system, which probably developed later in the context of the evolution of language, is supported by mostly left-hemispheric speech areas and mediates explicit verbal rehearsal [15] . This model appears promising in that it may not only offer new explanations for many behavioural, neuropsychological and neuroimaging findings in human subjects, but it also permits the harmonization of the conflicting working memory models that were derived from human as well as animal research [2, 15] .
While functional neuroimaging permits the investigation of regional brain activity changes that are associated with specific cognitive processes or behaviours, only lesion studies allow to determine the functional relevance of a certain brain area for the task that has to be performed. Therefore, it is necessary to combine these two methodological approaches in the attempt to establish valid models of brain-behaviour relationships. With regard to the above-mentioned two neurofunctional systems, data from lesion studies in brain-damaged patients seem to suggest that the prefrontal cortex might not be necessary for delay task performance, i.e. working memory [16] . In particular, these reports seem to indicate that the cortex along the anterior intermediate frontal sulcus, which showed reliable and reproducible activation in functional neuroimaging studies during the non-articulatory maintenance of phonological information, might not be functionally relevant for such maintenance processes in working memory. However, the brain lesions observed in individual patients are usually not restricted to functionally homogeneous areas of the brain which may account for misleading results of behavioural studies in such patients. The same is true for group lesion studies in which an artificial overlap of individual brain lesions is used to infer functional relevance, thereby not taking into consideration the high functional heterogeneity of brain areas and the concept of functional degeneracy [17, 18] . For this reason, in order to judge the functional relevance of circumscribed brain areas, it may certainly be more informative to assess rare individual cases of patients with clearly isolated lesions to the brain regions of interest.
Therefore, in order to further corroborate the dissociability of the two functional brain systems mentioned above and to demonstrate the functional relevance of some of the brain areas involved, we searched and found in a set of over 500 neurological patients with brain lesions 2 patients with isolated focal lesions to brain areas involved in the two neurofunctional systems. In particular, we were interested in 1 patient who showed an isolated left-sided lesion in Broca's area, and in another patient who exhibited a bi-lateral lesion along anterior parts of the middle frontal gyrus (along the intermediate frontal sulcus). According to the functional-neuroanatomical model outlined above, these patients should reveal specific deficits to either the articulatory or the non-articulatory maintenance component of verbal working memory. The aim of this study was first to provide this additional behavioural evidence for the functional relevance of the anterior middle frontal gyrus for non-articulatory maintenance of phonological information, and second to assess possible compensatory activation of this second neurofunctional system by using fMRI in the patient with the lesion to Broca's area.
Materials and Methods

Subjects
Two neurological patients with isolated brain lesions, one with a lesion to Broca's area due to infarction (P403; fig. 1 ) and the other with a bilateral lesion to the anterior middle frontal gyrus due to trauma (P300; fig. 2 ), as well as two separate groups of 3 healthy male controls (each matched for age, handedness and education to the respective patient) participated in this study. A further control group (n = 9) for patient P300 was additionally recruited to consolidate the 95% confidence interval concerning verbal working memory performance rates.
The first neurological patient (P403; fig. 1 ) selected was a 70-year-old, right-handed man with a history of hypercholesterolaemia, nicotine abuse of 25 pack years and suspicion of hyperfibrinogenaemia, who had first been admitted to hospital because of acute aphasia about 5 months prior to our investigation. At this time, patient P403 was diagnosed with non-fluent, anomic and expressive aphasia and agraphia combined with minimal rightsided facial paralysis. Computed brain tomography and MRI revealed a left-sided ischaemic infarction of Broca's area (middle cerebral artery), most likely of autochthone thrombotic origin according to the patient's cardiovascular risk profile. Up to the time of our investigation, patient P403 showed no more relevant motor or cognitive deficits and his verbal everyday communication was unimpaired. There were only slight residual deficits in speech production concerning abstract terms. Patient P403 had passed 13 years of education.
The second neurological patient (P300; fig. 2 ) included in the study was a 40-year-old man, right-handed, who had also passed 13 years of education. Patient P300 had fallen off a scaffolding with a height of 4 m at the age of 21 during his work on a construction area. He was diagnosed with severe closed traumatic brain injury, namely bilateral frontopolar haemorrhagic brain contusion resulting in brain tissue necrosis of the bifrontopolar cortex in the long term. Since his accident, patient P300 presented with lacking motivation and destitute social skills in his family, while he was still able to continue working in his familiar environment of the construction business. Neuropsychological testing revealed mild deficits in memory and executive functioning, but unimpaired information processing speed and sustained attention at the time of our investigation.
All subjects had given written informed consent prior to the experiment. All participants were trained to perform the experimental verbal item recognition task.
Behavioural Experiment
Experimental Procedure All subjects performed two variants of a verbal item recognition task after being instructed to use two different cognitive strategies of maintaining and memorizing verbal information (e.g. verbal rehearsal, 'inner speech' vs. phonological maintenance, 'inner ear'; for details see below) [7] [8] [9] [19] [20] [21] .
Subjects were seated approximately 65 cm from a computer monitor and were pretrained for about 30 min to successfully complete the two variants of the verbal item recognition task. In both variants of this working memory task, in each trial 4 different letters that were randomly taken out of a set of 8 phonologically similar letters (in German: B, C, D, E, G, P, T and W) were visually presented on the monitor for 1 s, followed by a delay of 4 s during which a fixation cross was displayed. Then, a single probe letter was presented on the screen for 1 s and subjects were expected to signal whether this probe letter matched 1 of the 4 priorly presented target letters or not by pressing one of two response buttons (left/right button press with the index/middle finger of the right hand). Trials were separated by a 1-second fixation period which resulted in an overall maximal response time of 2 s. Half of the probe letters matched the target letters, the other half did not. If the 4 target letters were presented in uppercase, the probe letter was lowercase (and vice versa) in order to prevent subjects from using purely visual strategies for matching. This general trial structure was identical in both variants of the verbal working memory task.
Before each trial, a visual cue instructed the subjects to either read, memorize and maintain the 4 target letters using one of two different strategies (task conditions, for details see below) or to perform a control task. As control task, subjects were instructed to silently read the 4 target letters without memorizing and maintaining them, and then to judge whether the subsequently pre- sented single probe letter was uppercase (left button) or lowercase (right button). In the control task, this probe letter was uppercase in half of the trials, and in the other half lowercase, unpredictable for the subjects ( fig. 3 ) .
The two verbal item recognition (working memory) task variants introduced in this study essentially differed in the strategies the participants had to apply to memorize the 4 target letters. In one variant, subjects were instructed to use articulatory rehearsal (silently and repeatedly subvocalizing the 4 presented letters, 'inner speech') in order to actively maintain the presented letters, whereas in the other variant of the task, they had to maintain the verbal information without using the rehearsal mechanism (phonological maintenance, 'inner ear'). The latter strategy was forced by an articulatory suppression procedure, i.e. the participants had to silently count '1, 2, 3, 4, 1, 2, 3, …' in a repetitive and rapid manner throughout the delay after the presentation of the target letters in order to prevent them from making use of the articulatory rehearsal strategy. Thus, the two task variants (including the corresponding control trials, respectively) varied with respect to the 4-second delays, which were either unfilled (articulatory rehearsal task) or filled with tones that paced silent counting (phonological maintenance task under articulatory suppression). Rhythmic 4,000-Hz tones with a repetition frequency of 300 ms set the pace of the silent counting. During articulatory suppression, this pace ensured high demands on subvocalization processes, which strongly interfere with verbal rehearsal of the letters [7, 9] .
Overall, 54 memory trials were presented for each of the task conditions which were arranged in a counterbalanced order. For task presentation on the computer monitor, we used the computer software package Presentation (Neurobehavioral Systems, Albany, N.Y., USA).
Statistical Analysis of Behavioural Data
Statistical analyses of the behavioural data were performed using SPSS for Windows 16.0 (SPSS Inc., Chicago, Ill., USA). Performance rates in the two working memory tasks, as well as in the control conditions, were determined for the patients and were compared to performance rates in the groups of healthy controls. For this, the 95% confidence intervals of the mean performance rates of the respective control group were determined ( table 1 ) and served as a reference value for the patient's performance. BeriSoft Cooperation, Frankfurt am Main, Germany). The stimulation protocol was the same as in the behavioural experiment described above.
fMRI Data Analysis The fMRI data were analysed using the software package LIP-SIA [22] . First, the functional images were corrected for motion artefacts. Then, a correction for slice-time acquisition differences was performed using a sinc interpolation algorithm. Afterwards, the 2-dimensional MDEFT and echo-planar image-T 1 slices geometrically aligned with the functional slices were coregistered with the high-resolution 3-dimensional reference T 1 data set. Rotational and translational parameters computed for this registration were stored in a transformation matrix. This matrix was directly applied to the functional data resulting in a coregistration with the individual 3-dimensional anatomical data set. Finally, the data set was spatially smoothed using Gaussian filter kernels with a of 0.5 (for single subject analysis).
For statistical analysis, the alternating task periods were modelled using a delayed box-car reference vector accounting for the delay of the BOLD (blood oxygen level-dependent) response. Significantly activated pixels were searched for using the general linear model approach for time series data. Results are reported for brain activations that reached a voxelwise significance level of p ! 0.001, uncorrected.
Results
Behavioural Data
As we had hypothesized, the patient with the lesion to Broca's area exhibited a marked deficit in the articulatory rehearsal task variant. His verbal working memory performance under rehearsal conditions lay outside the 95% confidence interval of the age-matched control group ( table 1 ; fig. 4 ), while his performance in the non-articulatory version of the task (articulatory suppression) was clearly within the 95% confidence interval of the control group ( table 1 ; fig. 4 ).
The lesion to Broca's area was thus associated with a selective deficit of the articulatory rehearsal mechanism of verbal working memory leading to an elimination of the typical articulatory suppression effect [7] [8] [9] . This means that performance rates of patient P403 in the verbal rehearsal condition were even below his performance rates under articulatory suppression ( table 1 ), which stands in contrast to the group of healthy controls that showed the typical articulatory suppression effect in terms of lowered performance rates under articulatory suppression as compared to the verbal rehearsal condition ( table 1 ; fig. 4 ).
As predicted, in the patient with the bifrontopolar lesion (P300), exactly the opposite pattern of deficits was observed. Working memory performance of this patient under articulatory suppression was clearly impaired and lay outside the 95% confidence interval of the mean values of the age-matched control group (n = 3). By contrast, in the articulatory rehearsal version of the task, the patient's performance did not differ from that of the healthy controls ( table 1 ; fig. 5 ). Following a reviewer's suggestion, we additionally compared the performance rates of patient P300 under articulatory suppression with a further, larger group of matched healthy controls (matched for age, handedness, gender and years of education; n = 9). Again, the performance rates of patient P300 in the articulatory suppression task condition lay outside the 95% confidence interval of this larger control group, i.e. patient P300 showed a selective deficit of the non-articulatory mechanism of verbal working memory, while his performance of the verbal rehearsal task was unimpaired ( table 1 ) .
Functional Imaging Data
The patient with the lesion to Broca's area, P403 ( fig. 6 ), revealed significant perilesional brain activity and, additionally, bilateral activations of anterior prefrontal (and Table 1 . Working memory performance rates of the two neurological patients (P403 and P300) and healthy control subjects (n = 3 and n = 9, respectively) with respect to two different working memory tasks (verbal rehearsal vs. phonological maintenance under articulatory suppression) inferior parietal) brain areas even under articulatory rehearsal conditions ( fig. 6 ), which may explain the partially preserved performance in the articulatory version of the verbal working memory task.
Discussion
A large series of fMRI studies clearly indicates that human verbal working memory relies on two different neurofunctional systems, one system consisting of mostly left-hemispheric speech areas and mediating articulatory rehearsal, and the other one represented by several domain-specific prefrontoparietal and prefrontotemporal networks that underlie the non-articulatory maintenance of different types of information (visuospatial information, visual object features, auditory-phonological information) [7] [8] [9] . The present study aimed at providing converging evidence from the behaviour of patients with a focal brain lesion to confirm the dissociability of these two neurofunctional systems. In particular, the study assessed the functional relevance of the anterior prefrontal Performance of the patient (P403) with the lesion to Broca's area during articulatory rehearsal conditions (left side) and during non-articulatory maintenance of phonological information (right side) compared to age-matched controls (n = 3). Performance in the non-articulatory version of the task lies within the 95% confidence interval of the age-matched control group.
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Color version available online cortex along the middle frontal gyrus for the non-articulatory maintenance of phonological information in working memory. Within a sample of over 500 neurological patients assessed with structural MRI, we identified 2 patients with very selective and circumscribed brain lesions to either Broca's area, which has been found in numerous fMRI studies to be activated during articulatory rehearsal, or bilaterally to the frontopolar cortex including the anterior middle frontal gyrus, which has been repeatedly demonstrated to be activated during the non-articulatory maintenance of phonological information [7] [8] [9] . In fact, the behavioural results obtained in these 2 patients demonstrate a clear double dissociation between structure and function. While the lesion to Broca's area led to a reduced performance under articulatory rehearsal, but not during non-articulatory maintenance of phonological information, the bifrontopolar lesion was associated with unaffected performance under articulatory rehearsal conditions, but with severely impaired non-articulatory maintenance of phonological information. These data clearly confirm the functional significance of Broca's area and the bilateral anterior middle frontal gyrus for articulatory rehearsal and non-articulatory maintenance of phonological information in verbal working memory, respectively. While the present findings are consistent with the results of multiple functional neuroimaging studies of working memory [7, 9, 10, 12, 20] , other recent behavioural studies in patients with brain lesions seem to suggest that particularly the lateral prefrontal cortex might not essentially contribute to or might not be necessary for delay task performance, but rather inferior parietal regions including the supramarginal gyrus [16, 23, 24] . Besides some internal inconsistencies between the data reported from these lesion and fMRI studies, it is also important to point out that, for example, none of the 7 patients assessed in a recent study [16] had a lesion in the anterior prefrontal subregion that has been implicated in non-articulatory maintenance of phonological information by many fMRI studies [7] [8] [9] and also by the present lesion study. For these reasons, the present finding and confirmation of the functional role of the anterior middle frontal gyrus in the non-articulatory component of verbal working memory is still compatible and can be easily reconciled with the (negative) results of such prior behavioural studies in brain-lesioned patients. In this sense, our findings demonstrate the necessity to use well-defined experimental paradigms with high process specificity as well as exact and precise neuroanatomical definitions in order to be able to establish clear brain-behaviour relationships. Clearly, group lesion studies, in which an artificial overlap of individual brain lesions is used to infer functional relevance, do not fulfil these strict methodological criteria. As such group lesion studies are unable to account for the high functional heterogeneity of brain areas in individual patients and for the concept of functional degeneracy [18] , they are prone to obscure existing brain-behaviour relationships, on the one hand, and to misattribute general dysfunctions of complex networks of interacting brain regions to the overlapping intersection of lesions in the whole group of patients.
Another alternative approach to investigate the effects of isolated brain lesions is represented by transcranial magnetic stimulation (TMS) [25] . As a well-tolerated, non-invasive technique, TMS allows the stimulation or functional disruption of cortical areas through the intact scalp, limited in time. Thus, a 'virtual' brain lesion can be produced to investigate local brain function with high temporal resolution. However, the duration of a TMS-induced 'virtual' lesion is limited and stimulation intensities are varying with the distance of the target brain region from the TMS coil. Beyond that, TMS still lacks exact focal accuracy and exhibits poor spatial resolution [25] [26] [27] [28] . Recent experimental studies have introduced a combined use of TMS with other brain mapping techniques in order to compensate for these methodologic weaknesses thereby providing a new promising set of tools for future research [28] .
While our finding of the functional relevance of Broca's area for the articulatory rehearsal mechanism merely represents a replication of prior findings [29] , a second objective of our study was to find evidence for possible compensatory functional activation of the anterior middle frontal gyrus in the patient with the lesion to Broca's area. (It is important to note that in this chronic patient, language functions had already recovered to a large part. Nevertheless, this patient exhibited a clear deficit in the articulatory rehearsal task.) For this, we used fMRI in this patient during performance of the articulatory rehearsal task. Besides a perilesional activation anterior to the lesion in Broca's area, we indeed observed additional bilateral activations of the anterior middle frontal gyrus ( fig. 6 ) . In a previous fMRI study, it could be shown that when exactly the same experimental task is performed by healthy subjects, the anterior middle frontal gyrus becomes actively suppressed by brain activity in the articulatory rehearsal system [13] . Therefore, our present finding may be taken as first, although preliminary evidence that a lesion to Broca's area may lead to a disinhibition of the subordinate network subserving non-articulatory maintenance of phonological information, and that this may partially compensate for the functional consequences of the lesion.
To conclude, the present findings from a combination of functional neuroimaging and behavioural studies in patients with selective and clearly circumscribed brain lesions are able to confirm the hypothesized double dissociation of the two neurofunctional systems underlying the articulatory and the non-articulatory maintenance of phonological information in working memory. In this way, the present results provide further support for the evolutionary-based functional neuroanatomical model of human working memory. Last but not least, the results provide clear evidence that the cortex along anterior parts of the middle frontal gyrus is functionally relevant for the non-articulatory mechanism of verbal working memory in humans.
